A new MRI sequence for the rapid simultaneous measurement of T 2 and T * 2 is presented. The technique uses the multiple acquisition of spin and gradient echoes with interleaved echo planar imaging (MASAGE-IEPI). IEPI data sets are sampled during and between a pair of short and long echo time spin echoes, allowing the reconstruction of a set of images with different combinations of T 2 and T * 2 weighting and the calculation of T 2 and T * 2 maps. In the context of neuroimaging, these maps can provide information on cerebral hemodynamics and oxygenation status, either via the deoxyhemoglobin-based BOLD signal or by the effect of exogenous paramagnetic contrast agents. MASAGE-IEPI benefits from the inherent advantages of the IEPI approach, i.e., high time resolution and minimal image distortion, and also has good time efficiency due to the acquisition of multiple image data sets following each excitation pulse. The accuracy of the sequence for the measurement of T 2 and T * 2 is verified on phantoms, and the technique is applied to monitor changing hemodynamics in the rat brain during episodes of hypoxia. Data for the generation of maps of T 2 and T * 2 are acquired with a time resolution of 12 s to accurately define the rapidly changing time course. As increasing emphasis is placed on the role of T 2 and T * 2 in the direct measurement of physiological parameters such as cerebral metabolic rate of oxygen consumption and blood vessel sizes, MASAGE-IEPI offers an efficient method for the measurement of these two important MRI parameters. © 2002 Elsevier Science (USA)
INTRODUCTION
Magnetic susceptibility-induced contrast is the basis of many MRI methods and applications. For example, the difference in susceptibility between the intra-and extravascular spaces caused by the paramagnetism of deoxyhemoglobin contributes to the well-known blood oxygenation level-dependent (BOLD) effect (Ogawa et al., 1990) , which is widely used in the mapping of brain function (Howseman and Bowtell, 1999) . Magnetic field inhomogeneities caused by regions of differing susceptibility affect the transverse relaxation of water proton magnetization. This is true for both the apparent transverse relaxation rate R* 2 , where inhomogeneity effects are (by definition) not refocused, and the intrinsic transverse relaxation rate R 2 , if the water molecules are sufficiently mobile. However, the sensitivity of R 2 and R* 2 to changes in the local magnetic field is different, depending on the spatial extent of the inhomogeneity and the rate at which the water molecules are diffusing. In the context of MRI of the brain using intravascular contrast agents, it has been shown that this results in extravascular water R 2 being more sensitive to susceptibility changes in the microvasculature, whereas R* 2 is relatively more weighted toward larger vessels (Weisskoff et al., 1994; Kennan et al., 1994) . For this reason, it is expected that R 2 -and R* 2 -weighted images offer alternative yet complementary sources of tissue contrast.
Over recent years, several groups have tried to make use of combined R 2 and R* 2 imaging to provide quantitative information on tissue hemodynamics. Prinster et al. (1997) used the ratio of BOLD-based relaxation rate changes (⌬R 2 /⌬R* 2 ) during hypoxia and hypercapnia in cat brain to try to differentiate voxels containing large and small blood vessels. Recently, this work was extended by the use of intravascular paramagnetic contrast agents to make quantitative measurements of cerebral microvessel radii (Jensen and Chandra, 2000; Tropres et al., 2001) . Alternatively, measurement of R 2 and R* 2 allows calculation of RЈ 2 (ϭR* 2 Ϫ R 2 ), which can be viewed as the component of R* 2 caused by static field inhomogeneity effects. This quantity has been used to measure cerebral blood oxygen saturation in the nor-mal brain (An and Lin, 2000, 2001) and also to remove the non-susceptibility-based confounding contributions of vasogenic edema in measurements of changes in blood oxygenation during reversible focal cerebral ischemia in rats (Grune et al., 1999) .
Based on the above-mentioned studies, it is evident that a sequence which allows simultaneous and rapid measurement of R 2 and R * 2 would be of great practical value. Following on from initial work by Ordidge et al. (1994) , such a sequence was proposed by Ma and Wehrli (1996) , in which the magnetization is sampled via multiple gradient echoes during the FID following a 90°radiofrequency (RF) pulse and during the build-up to spin-echo formation following a 180°refo-cusing pulse. The decay of magnetization during the FID yields a measure of T * 2 (ϵ1/R * 2 ), while comparison of the amplitudes of echoes in symmetric positions around the 180°pulse allows calculation of T 2 (ϵ1/R 2 ). This sequence was named gradient echo sampling of FID and Echo (GESFIDE). A modified version of GES-FIDE known as gradient echo sampling of the spin echo (GESSE), in which the build-up to and decay from the spin echo is sampled by multiple gradient echoes, has also been proposed (Yablonskiy and Haacke, 1997) . While these sequences satisfy the requirement of simultaneous R 2 and R * 2 measurement, they are based on standard 2D-FT acquisition techniques and are therefore rather slow. In order to minimize imaging time, echo planar imaging (EPI) can be used. Since this is a single-shot approach, spin-echo and gradient-echo EPI images can be acquired over a range of echo times relatively quickly, allowing straightforward calculation of T 2 and T * 2 . However, single-shot EPI is well known to suffer from image distortion in regions of magnetic field inhomogeneity, compromising image quality and the reliability of spatial localization. In the work presented here, we combine a version of the GES-FIDE/GESSE concept with the approach proposed by for rapid T * 2 mapping using multiecho interleaved echo planar imaging. In so doing, we are able to acquire simultaneous T 2 and T * 2 maps rapidly at 2.35 T with minimal distortion. We call the technique multiple acquisition of spin and gradient echoes using interleaved echo planar imaging (MASAGE-IEPI).
METHODS

MASAGE-IEPI Sequence
The MASAGE-IEPI pulse sequence is shown in Fig 1 and is based on a four-shot IEPI approach (Ahn et al., 1986; Hennel, 1997) . Following spin excitation, a 180°r efocusing pulse is used to produce a short echo time (TE 01 ) spin echo which is sampled in the presence of EPI read and phase encoding gradients, with k phasespace covered with 25% density according to standard IEPI methodology (McKinnon, 1993) . The echo time TE 01 is defined as the time at which the central k phasespace lines are sampled. Once these data have been acquired, the phase encoding is rewound and a second IEPI data set is acquired in an identical manner at TE 02 . The magnetization of these data has a component of T * 2 weighting due to its offset from the spin echo. A third data set is then acquired at TE 03 which has further T * 2 weighting. Following acquisition of the third data set, a second refocusing pulse is applied, and three more IEPI acquisitions are made. As described by Ma and Wehrli (1996) , magnetization which is acquired symmetrically before and after a 180°pulse has equivalent dependence on reversible inhomogeneity effects (RЈ 2 ) but different amounts of R 2 weighting; comparison of the magnetization before and after the refocusing pulse therefore allows calculation of R 2 . The full acquisition is performed four times, with the k phase coverage modified so the resulting data set has all the k-space lines required for image generation (see Fig. 1 ).
Calculation of T 2 and T 2 *
The simplest method for calculating T * 2 is to fit images 1-3 (see Fig. 1 ) to a monoexponential decay as a function of TE. Since image 1 is acquired coincident with the spin echo, it has an effective gradient echo time of zero. T * 2 is thus calculated according to
where i ϭ 1 3 3 and M i is the magnetization at echo time TE 0i and M 0 is the magnetization excited by the 90°pulse. T 2 can be calculated using two alternative approaches. From Ma and Wehrli (1996) we have an expression for the transverse magnetization decay between both the first spin echo (at TE 01 ) and the second refocusing pulse:
(which is just the standard R* 2 -dependent decay of an FID, where t ϭ 0 is defined as the time of the formation of the first spin echo (i.e., 2 ϫ TE 01 after the 90°exci-tation pulse)) and after the second refocusing pulse until formation of its spin echo:
where ⌬TE 1 ϭ (TE 11 -TE 01 ) is the time between the two spin echoes (see Fig. 1 ) and R 2 Ϫ is defined as R 2 Ϫ ϭ R 2 -RЈ 2 . If we consider the signal intensity of two data sets S pre and S post acquired during the periods before and after the second 180°pulse, from Eqs. (2) and (3) we can write:
where
Taking the ratio of these signal intensities and rearranging the result yields
From Eq. (6) we can see that if the two echo times TE A and TE B are chosen to meet the condition TE A ϩ TE B ϭ ⌬TE 1 then the second exponential term becomes unity and the ratio of the two signal intensities becomes purely dependent on R 2 , with a weighting determined FIG. 1. MASAGE-IEPI pulse sequence. The sequence consists of a slice-selective excitation, followed immediately by a 180°refocusing pulse. The ensuing spin echo is spatially encoded using EPI readout and phase encoding gradients, with the k phase -space being covered with 1 ⁄4 density as part of a four-shot IEPI acquisition. The boxes representing the EPI gradients (third line) show the lines of k phase -space acquired on each of the four shots (n ϭ 1 3 4 ϭ shot number). Two more IEPI segments are acquired in immediate succession after the spin echo segment covering the same lines of k phase -space, each having different effective echo time (TE) and therefore different T 2 and T * 2 weighting. A second slice-selective refocusing RF pulse is then applied and an additional three segments are acquired, including the final long echo time spin echo. After repeating this procedure three times with the relevant changes in k phase -space coverage, sufficient data are obtained to enable reconstruction of six images with a range of T 2 and T * 2 weighting, as illustrated by the signal evolution diagram (bottom line). This enables the creation of T 2 and T * 2 maps.
by the difference TE A Ϫ TE B . Effectively, this means that if we take the ratio of images acquired at any two echo times symmetrically positioned around the second refocusing pulse, the result is an R 2 -weighted image. From Fig. 1 , this means that the ratios of images 1 and 6, 2 and 5, and 3 and 4 will be R 2 -weighted images, with decreasing amounts of R 2 weighting as the image pair separation decreases. An R 2 map can easily be generated by fitting the signal intensity of these ratio images to a monoexponential decay as a function of
An alternative approach for generating the R 2 map is to fit the base images directly. From Eqs. (2) and (3) it can be seen that images acquired before and after the second refocusing pulse display monoexponential behavior with time constants R* 2 (ϵR 2 ϩ RЈ 2 ) and R 2 Ϫ (ϵR 2 -RЈ 2 ), respectively. Fitting the relevant data for these constants then allows separation of the individual time constants R 2 and RЈ 2 . In the work described here, this method was not used for relaxation time quantification. However, the results obtained using this method and the approach outlined in the preceding paragraph (which was employed for this work) should be equivalent, with the main potential problem occurring for the R* 2 /R 2 Ϫ method when R 2 and RЈ 2 are similar in magnitude, causing R 2 Ϫ to be close to zero and therefore difficult to estimate accurately.
Experimental: Sequence Implementation
The MASAGE-IEPI sequence is based on a 128 ϫ 64-image matrix blipped EPI acquisition scheme (Doyle et al., 1986; Chapman et al., 1987) . In the implementation used for this work, the acquisition was split into four segments, each consisting of 16 lines of k phase -space. The first segment contained lines 1, 5, 9, 13, . . ., 61; the second segment contained lines 2, 6, 10, . . ., 62; and so on. The data from all four segments were meshed together to form the complete data set. The sequence timings were as follows (see Fig. 1 for timing definitions): TE 01 ϭ 12 ms, TE 02 ϭ 32.4 ms, TE 03 ϭ 52.8 ms, TE 13 ϭ 77.1 ms, TE 12 ϭ 97.5 ms, TE 11 ϭ 117.9 ms. Echo time shifting (Cho et al., 1987; Feinberg and Oshio, 1994 ) was used to ensure smooth phase evolution across k phase -space, and sinc-shaped slice-selective RF pulses were used for spin excitation and refocusing. In order to maintain an identical slice profile throughout the measurement, the second refocusing pulse had a slice thickness double that of the excitation and first refocusing pulses. The sequence was implemented on a 2.35-T 30-cm horizontal-bore experimental magnet interfaced to a SMIS console. Data were acquired using a passively decoupled volume coil transmit (70 mm i.d.)-surface coil receive (30 mm i.d.) arrangement.
Data reordering, phase correction, and image reconstruction were performed using IDL (Research Systems, Inc., Boulder, CO). For phase correction, reference data were acquired without phase encoding (Wan et al., 1997) . A six-image set was created by 2D Fourier transformation of the phase-corrected MASAGE-IEPI data. IDL was also used for the generation of R 2 and R * 2 maps from these images. From the sequence timings given above, images 1-3 were fitted for R* 2 using the gradient echo time array [0, 20.4, 40 .8] ms and the R 2 -weighted ratio images [images 1:6, 2:5, 3:4] were fitted using the spin echo time array [105.9, 65.1, 24 .3] ms.
Experimental: Phantom Measurements
In order to verify the accuracy of the MASAGE-IEPI sequence, experiments were performed on a phantom. The phantom consisted of three separate sample tubes containing 2.5 g/liter copper sulfate solution and 2% agar and 4% agar, chosen to provide a range of T 2 /T * 2 values. Reference T 2 measurements were made using a 2D-FT spin echo sequence with the following parameters: image matrix ϭ 128 ϫ 128, field-of-view (FOV) ϭ 40 ϫ 40 mm, TR ϭ 1 s, number of averages (N av ) ϭ 2, TE ϭ 30, 60, 100 ms. Reference T * 2 measurements were made using two approaches. The first method used was a 2D-FT gradient echo sequence with image matrix ϭ 128 ϫ 128, FOV ϭ 40 ϫ 40 mm, TR ϭ 1 s, N av ϭ 2, TE ϭ 30, 50, 70 ms; the second approach was a 2D-FT asymmetric spin echo sequence with the same parameters except TE spin echo ϭ 30 ms and TE offset ϭ 0, 20, 41 ms. Simultaneous T 2 and T * 2 measurements were made using the MASAGE-IEPI sequence as described above with TR ϭ 3 s and N av ϭ 64 to achieve high signal-to-noise ratio (SNR) and produce the same total scan time for all measurements (though MASAGE-IEPI is more efficient since it allows calculation of both T 2 and T * 2 whereas the conventional sequences only measure one or other of these parameters). All sequences were repeated 12 times to verify precision and reproducibility. Following acquisition, regions of interest (ROI) were drawn on each image set and linear regression was performed on the natural logarithm of the mean ROI pixel values against echo time to yield values for T 2 and/or T * 2 .
Experimental: In Vivo Measurements
In vivo experiments were performed on three male Wistar rats (weight 250 -290 g). Anesthesia was induced with 3% halothane and maintained via a nose cone with a mixture of 1% halothane in 70/30 N 2 O/O 2 . Animals were allowed to breathe spontaneously throughout the experiments; respiratory rate and electrocardiographic data were monitored and rectal temperature was maintained at 37 Ϯ 0.5°C using an air warming system. Based on a pilot scan, a 2-mm coronal imaging slice was chosen in the brain approximately 8 mm from the interaural line. Initial experiments were conducted to investigate the quality (in terms of SNR and bias) of T 2 /T * 2 maps acquired with different amounts of data averaging, both for the non-phase encoded reference data (used for EPI phase correction) and the actual image data. Both data sets were acquired with a number of averages ranging from 2 (total acquisition time ϭ 12 s) to 64 (total acquisition time ϭ 6 min 24 s). Single-shot EPI and 2D-FT spin echo images were acquired to compare image distortion. For the T 2 maps, the relative contributions of each image pair on the SNR of the resulting maps was also investigated. In theory, it is possible to construct a T 2 map from the spin echo images only (images 1 and 6) and in regions where T * 2 is low it is possible that inclusion of heavily T * 2 -weighted images (i.e., images 3 and 4) may cause a deterioration of the T 2 maps because they introduce more noise than useful signal.
To demonstrate the utility of the MASAGE-IEPI sequence for monitoring rapid changes in cerebral hemodynamics, two rats were given repeated hypoxic challenges. The experimental protocol consisted of acquiring data for a 2-min baseline period, changing the inspired gas ratio to 90/10 N 2 O/O 2 for 90 s and returning the gases to the normal values while acquiring data for an additional 150 s. Blood oxygen saturation fraction (SpO 2 ) was measured using an Ohmeda Biox 3700 pulse oximeter (Helsinki, Finland) attached to the hind paw of the rat. The hypoxic challenge was repeated five times on each rat, with a 30-min recovery period between each event. Two averages were acquired per data set, and with a TR of 1.5 s this resulted in a T 2 and T * 2 map every 12 s. Images were reconstructed using a high average (N av ϭ 64) reference data set acquired prior to the hypoxic challenges. The benefit of this approach is discussed below.
RESULTS
Phantom Measurements
The results of the measurements made in the threetube phantom are shown in Fig. 2 and Table 1. All the phantom data fitted well to a monoexponential model, with R 2 values of 0.95 or greater. T 2 measurements made using 2D-FT SE and MASAGE-IEPI are in good agreement, though the latter tends to measure a slightly longer value. This discrepancy is most likely due to the well-known relationship between the number of refocusing pulses and the effect of diffusion on T 2 (Carr and Purcell, 1954) . For the T * 2 measurements, MASAGE-IEPI agrees well with the 2D-FT ASE technique for the doped water phantom but not with 2D-FT GE. This is most likely due to through-slice dephasing effects causing nonmonoexponential T * 2 decay, resulting in the measured T * 2 values being echo time dependent. This deviation from monoexponential behavior was not apparent as a reduced R 2 value due to the undersampling of the decay curve. The range of echo times used for MASAGE-IEPI and ASE (0 -41 ms) differed from the GE (30 -70 ms), and this difference is consistent with the GE method measuring a lower value of T * 2 due to the increased effects of background gradients (for a discussion of and solution to this problem, see Ferná ndez-Seara and Wehrli, 2000). For the agar samples, T * 2 values are generally consistent across techniques, though the sources of susceptibility effects determine whether an exact equality between GE-and ASE-measured T * 2 should be expected (Stables et al., 1998) . From our data T * 2 (ASE) Ͼ T * 2 (GE), with the MASAGE-IEPI value being closer to the GE value for 2% agar and between ASE and GE for 4% agar.
In Vivo Measurements Figure 3 shows a set of example images of the rat brain. In Fig. 3a , a reference 2D-FT spin echo image is shown with a pair of single-shot EPI images. The difference between the two EPI images is the direction of traversal of k phase -space. A region of magnetic field inhomogeneity is apparent on the lower left side of the brain, and the resulting effect on EPI image distortion and signal dropout is evident. The corresponding MASAGE-IEPI image set (N av ϭ 64) is shown in Fig.  3b . As expected, image distortion is minimal due to the
FIG. 2. Comparison of T 2 and T * 2 values of three phantoms measured using standard 2D-FT methods and MASAGE-IEPI. In general, T 2 values agree well between techniques (a), and T * 2 values
show some variability with technique depending on the phantom but follow the same general trends (b). See also Table 1. interleaved EPI acquisition scheme, even in the region of local field inhomogeneity. The effect of differing amounts of T 2 -and T * 2 -weighting can be seen through the image set. Also apparent is the improved point spread function associated with IEPI, which manifests itself as better image sharpness compared to the single-shot EPI images in Fig. 3a .
The importance of adequate SNR in the reference data set is illustrated in Fig. 4 . The first row of Fig. 4 shows the calculated T * 2 and T 2 maps obtained using eight averages for both the reference data set and the phase-encoded image data. One can see that the phase correction has not worked well in a region of the left side of the T * 2 maps (where base image signal intensity is low due to field inhomogeneity gradients and associated phase dispersion for the heavily T * 2 -weighted images-see Fig 3) , resulting in a striping artifact. Using the high average reference data to reconstruct Note. In general, T 2 values agree well between techniques (columns 1 and 2), and T * 2 values show some variability with technique depending on the phantom but follow the same general trends (columns 3-5). See also Fig. 2.   FIG. 3. (a) Images of the rat brain using 2D-FT spin echo imaging (SE) and gradient echo EPI with the phase encoding direction from negative to positive k phase -space (EPI up ) and positive to negative k phase -space (EPI down ). Image distortion and signal dropout are apparent in the EPI images, particularly in the lower left region of the brain. (b) Set of six images reconstructed from MASAGE-IEPI data. Increasing T 2 -and T * 2 -weighting cause reduced signal intensity with increasing echo time; images acquired at TE 01 and TE 11 are spin echo images (i.e., purely T 2 -weighted images) whereas images acquired at TE 02 /TE 12 and TE 03 /TE 13 have increasingly more T * 2 -weighting. N.B. MASAGE-IEPI images display no distortion due to the reduced effective data acquisition window. All MASAGE-IEPI images are shown with the same gray scaling for direct intensity comparison. the same image data set reduces this artifact, indicating that it is related to the precision of the phase information contained in the reference data. Increasing the number of averages for the images results in improved SNR of the maps as expected, without affecting the quality of the phase correction. The striping artifact is not present in the T 2 maps because only the spin echo images (images 1 and 6) were used for generation of these maps; the reasons for this are discussed below. The results shown in Fig 4 demonstrate that for the reconstruction of low average, high time resolution MASAGE-IEPI data, it is of great benefit to acquire a high-quality reference data set to ensure artifact-free image reconstruction. It was for this reason that for the hypoxia time-course experiments, a high-average reference data set was acquired as a part of the initial set-up protocol. The reference data could be used for phase correction for all ensuing MASAGE-IEPI imaging, allowing high time resolution, artifactfree T 2 and T * 2 mapping. Figure 5 shows the effect of including different ranges of image pairs in the T 2 map calculation. The map in Fig. 5a was created using only the pure spin echo images (images 1 and 6). The effect of inclusion of the second image pair (images 2 and 5) in the T 2 map calculation is shown in Fig. 5b . It can be seen that the resulting T 2 map is noisier than that in Fig. 5a , especially in regions where T * 2 is low such as the muscle   FIG. 4 . The effect of signal-to-noise (SNR) on MASAGE-IEPI T 2 and T * 2 map quality. With lower SNR for both phase correction reference and image data, phase errors in the reference data result in striping artifacts in the T * 2 maps (top row). Using higher SNR reference data reduces this problem while leaving the overall SNR of the maps constant (middle row); increasing the number of averages for the image data in addition causes the overall SNR to increase. N.B. for the creation of the T 2 maps shown here, only the spin echo MASAGE-IEPI images (1 and 6) were used.
FIG. 5.
The contribution of different image pairs to the T 2 map. (a) Using only the spin echo images 1 and 6, a high-quality T 2 map can be generated. (b) However, including images 2 and 5 in the fit degrades the T 2 map. This is most likely due to the combined effect of lower SNR in these images and the additional use of a leastsquares minimization fit (which is not necessary for (a)). (c) Adding the third image pair (images 3 and 4) increases the accuracy of the fit and therefore improves the map, though does not achieve the uniformity of the map created by using only images 1 and 6 (a).
surrounding the brain and the lower left region of the brain (see Fig. 4 ). This is most likely due to the combined effect of introducing a least squares fitting procedure to the T 2 calculation (compared to a straightforward ratio calculation when just the SE image pair is used) and the low SNR of short T * 2 regions in the longer echo time images. Use of all three image pairs for T 2 calculation (Fig. 5c ) improves the quality of the map compared to using just two, though a certain amount of T * 2 contamination remains. Based on these results, it appears that the optimum method for the creation of in vivo T 2 maps is to use only the spin echo image pair (images 1 and 6), and this is the method that was used for producing maps during the hypoxic challenge paradigm (see next paragraph). However, the validity of this conclusion is dependent on the range of T * 2 values present in a given image, and in particular circumstances where regions of low T * 2 are not present it is likely to be advantageous to use information from all image pairs to create the T 2 maps.
The temporal behavior of T 2 and T * 2 taken from ROIs in the rat cortex during hypoxia measured using MASAGE-IEPI is shown in Fig. 6 . As expected, hypoxia causes a decrease in both parameters due to an increase in the amount of deoxyhemoglobin within the cerebral vasculature. The time course is reproducible over repeated challenges, and measured changes are in the range 10 -15 ms for T * 2 and 5-10 ms for T 2 . This corresponds to a reduction in SpO 2 from 95% to a minimum value of approximately 60%, measured using the pulse oximeter. The time-course data show that the amplitude of T 2 /T * 2 changes caused by the hemodynamic response of the rat brain to hypoxia is easily measurable using MASAGE-IEPI with a time resolution of 12 s at 2.35 T and demonstrates the potential for this technique to be used in BOLD fMRI and contrast agent studies.
FIG. 6.
Time course of (a) T * 2 and (b) T 2 from ROI in the cortex of two rats during five hypoxic challenges. A 2-minute baseline period (where N 2 O/O 2 ϭ 70/30) is followed at time t ϭ 0 by a 90-s period of hypoxia (N 2 O/O 2 ϭ 90/10) and then a return to baseline. Both T * 2 and T 2 decrease during hypoxia due to increased levels of deoxyhemoglobin, with T * 2 showing an expected larger decrease due to greater sensitivity to magnetic susceptibility effects. For rat 1, a control experiment was also performed where the inspired gas concentration was maintained at normal levels throughout the time course (left column, open blue circles). No T * 2 or T 2 changes were seen during the control experiment. The time courses show that the hypoxic challenges created reproducible effects, and that the MASAGE-IEPI data were sufficient to measure these effects accurately.
DISCUSSION
The MASAGE-IEPI sequence described in this paper uses a four-shot interleaved EPI approach to produce a set of six differently T 2 -and T * 2 -weighted images. In general, the choice of the number of interleave segments acquired, and the range of echo times covered, can be made arbitrarily and independently, depending on a particular application. For example, in regions of large magnetic field inhomogeneity it may be necessary to use a six or eight-shot IEPI approach to minimize distortion and to reduce the range of gradient echo times accordingly. In contrast, for samples with long T 2 values, it may be desirable to acquire more image pairs symmetrically around the second refocusing pulse to improve the accuracy of the T 2 fit, but to maintain the four-shot IEPI methodology. Clearly, T * 2 values and the magnitude of magnetic field inhomogeneities are intrinsically linked, and an advantage of MASAGE-IEPI is that in regions where a large number of IEPI interleaves are required to produce a reasonable image (i.e., regions with short T * 2 ), the duration of each interleave segment is correspondingly reduced, thus allowing for a tighter range of gradient echo times and a greater accuracy for short T * 2 measurement. Alternatively, the number of interleave segments can be increased to improve spatial resolution in the images, with a proportional decrease in temporal resolution. Ultimately, the balance between image distortion, parameter measurement accuracy, and temporal and spatial resolution can be determined specifically for any given application. At the extreme end of the range for low spatial resolution, high speed, and reasonably long T 2 /T * 2 values, the sequence becomes equivalent to the single-shot multiecho EPI method used by Speck and Hennig (1998) . However, for the general situation where multiple shots are required, it is always advantageous to use MASAGE-IEPI rather than repeated single-shot acquisitions, irrespective of the number of acquisitions. For example, even if only two echo times are required for a rapid T 2 /T * 2 estimation, it would be better to use two-shot MASAGE-IEPI with the segment timings appropriately chosen rather than single shot acquisitions at different echo times, for the reasons of reduced distortion, improved point spread function, and more accurately defined echo times. The only exception to this would be if the echo times are so close that the MASAGE-IEPI segments overlap, but this situation is unlikely to occur since an accurate T 2 /T * 2 measurement requires echo times that are sufficiently spaced to allow significant magnetization decay.
The advantage of MASAGE-IEPI over sequences that measure changes in transverse relaxation times (⌬R 2 and ⌬R * 2 ) based on signal intensity changes at a single echo time, e.g., Bandettini et al. (1994) , is that it only assumes that T 1 stays constant during a single measurement period rather than over a whole experimental run. In fact, with an appropriate choice of TR to introduce T 1 weighting, the T 2 signal decay can be extrapolated back to TE ϭ 0 ms to provide an indicator for changes in T 1 , which should be sensitive to blood flow changes rather then blood oxygenation changes. This does not introduce any bias into the measured T 2 value. Also, although MASAGE-IEPI is a multiecho sequence, the number of refocusing pulses is low compared to an equivalent Carr-Purcell sequence (Carr and Purcell, 1954) . This is beneficial for two reasons. First, power deposition, which can be a particular limitation of this type of approach at high field strengths, is reduced. Second, the sensitivity of brain tissue T 2 to changes in cerebral blood oxygenation is greater when fewer refocusing pulses are used (van Zijl et al., 1998) . This is because repeated refocusing of the transverse magnetization reduces the build-up of phase incoherences, thus making T 2 less sensitive to field inhomogeneities. Use of MASAGE-IEPI therefore permits a multiecho-type approach while maintaining good sensitivity to BOLD effects.
In the derivation of Eqs. (1)- (6), it has been assumed that the magnetization decay is monoexponential with time constants T 2 and T * 2 . However, theoretical work and phantom experiments have shown that the presence of background gradients/macroscopic magnetic field inhomogeneities can give rise to a Gaussian component in the NMR signal (Yablonskiy, 1998) , leading to errors in the quantification of T 2 and T * 2 if a monoexponential model is used. Potentially, this more complex behavior could be examined using MASAGE-IEPI with a sufficient number of image pairs during the decay. An alternative approach for interpretation of MASAGE-IEPI data is to examine the behavior of the base images, rather than creating T 2 and T * 2 maps. For example, it has been shown theoretically that the vessel size sensitivity of asymmetric spin echoes is dependent on the extent of asymmetry (Stables et al., 1998) ; therefore, images 1 and 6 of the MASAGE-IEPI image set are most sensitive to changes in the blood oxygenation in microvessels, and images 2 to 3 and 5 to 4 are increasingly sensitive to changes in larger vessels. This differential sensitivity has been utilized in the human brain to improve spatial localization of neuronal activation site in fMRI (Zheng et al., 1997) and also in the rat brain to make inferences regarding regional variations in vascularity (Houston et al., 2000) . In the latter study, the change in image signal intensity as a function of asymmetry offset during and following an hypoxic challenge was shown to be different in the outer layers of the cortex (in the vicinity of large vessels) compared to deeper brain structures such as the medial geniculate nucleus (where the vasculature is mainly composed of capillaries). An analogous and more quantitative approach to vessel size imaging, which could also be implemented with MASAGE-IEPI, is to use exogenous contrast agents (Jensen and Chandra, 2000; Tropres et al., 2001) .
With the advent of higher magnetic field human MRI scanners (3 T and above), the problems associated with EPI as a single-shot, whole-brain imaging technique are becoming more acute. For this reason, alternative approaches will be necessary and the one of the best compromises between speed of acquisition and image quality is IEPI. In addition, for BOLD to fulfill its potential as a fMRI technique which can be used to measure physiologically meaningful and important parameters (such as the cerebral rate of oxygen metabolism, CMRO 2 ), it is important to be able to make quantitative measurements which can be related to models of cerebral function (van Zijl et al., 1998; Buxton et al., 1998; An and Lin, 2000) . MASAGE-IEPI combines the practical necessity of IEPI with quantitative measurements of blood oxygenation-level dependent relaxation times in order to address these issues directly.
CONCLUSION
We have described a sequence that offers the ability to map T 2 and T * 2 simultaneously, rapidly, and with low image distortion. Due to the simultaneous parameter acquisition, the time efficiency is greater than that of single-shot EPI for the same repetition rate, number of echo times, and averages. The accuracy of the sequence has been verified on phantoms and its utility has been demonstrated using an in vivo application. It is anticipated that MASAGE-IEPI will be an important technique for monitoring in vivo changes in blood oxygenation at high magnetic field strengths with good temporal and spatial resolution.
